Introduction
============

Amyloidogenic proteins are prone to endogenous misfolding and prion-like conversion from a soluble, folded protein into alternative oligomeric and fibrillar structures.[@cit1] Proteins susceptible to this process include amyloid-β, tau, TDP-43, SOD1, and α-synuclein and contribute to a wide range of diseases including Alzheimer\'s disease and ALS.[@cit2] These proteins exhibit toxic gain-of-function (GoF) effects by self-propagating and acting as seeds to initiate aggregation.[@cit3] Similar to neurodegenerative diseases, recent studies have demonstrated that protein misfolding and aggregation play a role in cancer development through misfolding of the tumour suppressor protein p53.[@cit4] Several reports have highlighted that p53 aggregation not only leads to loss of function, but that it can co-aggregate with homologous proteins p63 and p73 to form amyloid oligomers and fibrils.[@cit4a],[@cit5]

p53 plays a critical role in controlling the cell cycle by initiating apoptosis, DNA repair, and cell cycle arrest of damaged cells.[@cit6] The core DNA-binding domain of p53 (p53C) contains a single Zn^2+^ ion that is essential for proper protein folding and function.[@cit7] However, p53 is mutated in over 50% of cancer diagnoses, the most common mutations affecting the protein\'s tertiary structure and frequently resulting in a loss or alteration of Zn-binding at the core site.[@cit8] This can lead to protein unfolding and enhanced aggregation due to exposure of amyloidogenic regions of the protein (residues 251--257).[@cit8a],[@cit9] Kinetic studies indicate that this occurs *via* a two-step process wherein the first involves relatively slow unfolding of p53C to expose the aggregation nucleus followed by a second, rapid aggregation step.[@cit10] Interestingly, apo p53C (zinc-free) increases the aggregation process *via* nucleation with zinc-bound p53C and contributes to loss of protein function.[@cit11] The common hotspot mutant p53-Y220C destabilizes the protein\'s tertiary structure due to an exposed cavity at the surface of the protein. This can result in loss of Zn^2+^ and causes accelerated protein aggregation.[@cit7],[@cit8],[@cit10a],[@cit12] While research regarding restoration of p53 function has largely focused on stabilization of mutant p53C,[@cit13] repopulating the metal-depleted site *via* metallochaperones[@cit14] has been shown to restore function to common p53 mutants.[@cit13a],[@cit14a]--[@cit14c],[@cit15]

More broadly, targeted metal ion chelation and redistribution has shown utility both as an anticancer strategy[@cit16] and in modulating amyloidogenic protein aggregation.[@cit17] In addition, a number of small molecule/peptide inhibitors of p53 aggregation have been developed[@cit18] and a cell-penetrating peptide (ReACp53) developed by Eisenberg and co-workers rescued p53 function in high-grade serous ovarian carcinomas and led to decreased tumour proliferation in xenograft models.[@cit9] Given the increased propensity for aggregation and possible zinc loss in the common mutant p53-Y220C, we used this as a model for testing compounds targeted to modulate mutant p53 aggregation.

Herein, we describe two novel bifunctional ligands, **L^I^** and **L^H^** ([Fig. 1](#fig1){ref-type="fig"}), designed to reactivate p53 by inhibiting mutant p53 aggregation and restore zinc-binding using a metallochaperone approach. With reports showing that Zn-free p53 exhibits accelerated protein aggregation,[@cit5b],[@cit8a],[@cit11] the incorporation of a zinc metallochaperone unit to remetallate apo-p53 in combination with an aggregation-targeting moiety could provide advantages over reported single-target compounds. Furthermore, multifunctional agents are advantageous due to their ability to act on multiple targets, resulting in additive or synergistic effects, thereby increasing their therapeutic potential.[@cit19] The importance of the iodine in **L^I^** for inhibiting mutant p53 aggregation, activating specific cell death pathways, and exhibiting cytotoxic selectivity in cancer cells over non-cancerous organoids is highlighted in this work.

![Chemical structure of ligands **L^I^** and **L^H^**.](c9sc04151f-f1){#fig1}

Results and discussion
======================

Ligand design and synthesis
---------------------------

Amyloid aggregates of the p53 protein have been identified in tumour cell lines as well as patient biopsies and are correlated with tumour growth due to loss of protein function.[@cit4a],[@cit5b],[@cit20] Biophysical studies have characterized p53 aggregates as largely β-sheet fibrils and demonstrate their ability to bind to the fluorescent amyloid marker thioflavin T (ThT).[@cit4e] As such, we designed amyloid interacting molecules based on a structure similar to thioflavin-T. Di-2-picolylamine groups were appended at the 2-position as the zinc chelator based on the frequent use of this moiety in zinc chemosensors.[@cit21] A similar ligand scaffold was reported by Mirica and co-workers to interact with and modulate the aggregation of the amyloid-β peptide involved in Alzheimer\'s disease.[@cit17c]**L^I^** contains an iodine substituent at the *ortho* position of the phenol function to probe the role of halogen bonding interactions and/or differing steric and electronic effects on influencing p53 aggregation ([Fig. 1](#fig1){ref-type="fig"}). **L^I^** and **L^H^** were prepared *via* a Mannich reaction with 2-(4-hydroxy-3-iodo)benzathiazole (**L^I^**) or 2-(4-hydroxy)benzathiazole (**L^H^**) and di-2-picolylamine. **L^I^** required a prior iodination step of 4-hydroxybenzaldehyde with iodine monochloride.

Effects of **L^I^** and **L^H^** on p53 aggregation
---------------------------------------------------

Initial studies to determine the effect of **L^I^** and **L^H^** on mutant p53 aggregation were carried out *in vitro*. The core DNA-binding domain of mutant p53-Y220C (p53C-Y220C) was incubated at 37 °C and light scattering at 500 nm was monitored over time. Protein alone (5 μM) demonstrated a rapid growth phase which continued to increase until two hours, where leveling off begins to occur, indicating a depletion of the substrate ([Fig. 2a and b](#fig2){ref-type="fig"}). Aggregation does not significantly increase past three hours up to six hours of monitoring (data not shown). Conversely, addition of one equivalent (5 μM) of **L^I^** significantly inhibits mutant p53 aggregation, resulting in nearly 50% reduction of aggregation after only 3 hours ([Fig. 2a](#fig2){ref-type="fig"}). This effect is concentration dependent as the addition of two equivalents of **L^I^** (10 μM) results in nearly complete inhibition of mutant p53 aggregation. Interestingly, neither the addition of 5 or 10 μM of **L^H^** cause inhibition of p53 aggregation ([Fig. 2b](#fig2){ref-type="fig"}). This result is unexpected given their structural similarity and hints at the importance of the iodine moiety in the **L^I^** structure. Increasing the **L^I^** or **L^H^** concentrations up to 25 μM afforded similar changes in aggregation compared to results at 10 μM (data not shown). To investigate whether this effect was exclusive to p53-Y220C, we also tested the effect of **L^I^** and **L^H^** on the aggregation of wild-type p53 under aggregating conditions. **L^I^** can also modulate the aggregation of wild-type p53, however, to a lesser extent in comparison to p53-Y220C. **L^H^** had no effect on the aggregation of wild-type p53, similar to the results for p53-Y220C (Fig. S5[†](#fn1){ref-type="fn"}). Overall, this suggests that **L^I^** could be used to modulate p53 aggregation beyond the specific p53-Y220C mutant. Similar aggregation profiles are obtained when monitoring aggregate size distribution *via* gel electrophoresis, wherein incubation of mutant p53 with two equivalents of **L^I^** for two hours limits aggregation and an intense band representative of monomeric species is observed (Fig. S6[†](#fn1){ref-type="fn"}). Conversely, protein alone and incubation with two equivalents of **L^H^** results in limited soluble species observable on the gel. These results were further corroborated upon investigation of aggregate morphology *via* transmission electron microscopy (TEM). After 30 minutes of incubation at 37 °C under constant agitation, p53 alone exhibits only amorphous aggregate structures by TEM, however, after 2 hours, mostly fibrillar structures are observed ([Fig. 2d](#fig2){ref-type="fig"}). Upon incubation with two equivalents (10 μM) of **L^I^**, fibrillar structures are inhibited and mostly amorphous aggregates were observed. Conversely, addition of 10 μM of **L^H^** resulted in the observation of largely fibrillar structures.

![**L^I^** inhibits mutant p53 aggregation *in vitro*. (a) 5 μM p53C-Y220C in 30 mM Tris--HCl, 150 mM NaCl, pH 7.4 was incubated at 37 °C. Light scattering at 500 nm was monitored over time from 0 to 6 hours. Absorbance readings were recorded every 3 minutes, with 30 seconds of agitation before each reading. Addition of 5 and 10 μM of **L^I^** shows concentration dependent inhibition of mutant p53 aggregation. (b) Addition of 5 and 10 μM of **L^H^** results in no significant changes in mutant p53 aggregation. (c) Percent changes in light scattering of mutant p53 upon addition of 10 μM **L^I^**/**L^H^** after 2 hours of incubation at 37 °C. (d) TEM images of mutant p53C-Y220C (8 μM) under specified conditions.](c9sc04151f-f2){#fig2}

Using recombinant protein, we demonstrated the ability of **L^I^** to significantly inhibit mutant p53 aggregation in contrast to **L^H^**, which has no observable effect. We sought to determine whether this difference in aggregation inhibition is observed in cancer cell lines. It is important to study protein aggregation in the context of its complex cellular environment due to factors such as molecular chaperones and proteases, which are known to play a key role in protein folding.[@cit22] To this end, we used immunofluorescence to study the behavior of p53 aggregation upon treatment with **L^I^**/**L^H^** in the gastric cancer cell line NUGC3 expressing the p53-Y220C mutant. Further cell studies were carried out at 25 μM (*vide infra*), as this concentration corresponds to the IC~50~ value for **L^H^** (Table S5[†](#fn1){ref-type="fn"}). Using the p53 antibody DO-1, we detected high levels of p53 expression in NUGC3 ([Fig. 3](#fig3){ref-type="fig"}). Overexpression of p53 is commonly reported in cancer cell lines containing mutant p53 -- the impaired function can often lead to changes in protein conformation and alter stability when targeted for degradation, leading to p53 accumulation.[@cit20a],[@cit23] We also observed high expression levels of aggregates in the NUGC3 cell line using the antibody A11, which has been used previously to label p53 aggregates.[@cit20],[@cit24] Under non-treated conditions, NUGC3 showed widespread protein aggregation *via* A11 that colocalized with p53. Interestingly, 24 hours of treatment with 25 μM **L^I^** significantly decreased the amount of A11-detected aggregates and resulted in decreased colocalization observed between DO-1 (p53) and A11. This indicates that **L^I^** is effective at reducing p53 aggregation in the mutant p53 cell line. In agreement with results obtained in the p53 aggregation experiment above, the addition of 25 μM **L^H^** did not decrease the levels of A11-detected aggregates in comparison to the control. In addition, significant co-localization between DO-1 (p53) and A11 is observed. We also investigated changes in p53 aggregation *via* co-immunofluorescence with DO-1 and ThT, a fluorescent dye that labels misfolded amyloid aggregates.[@cit25] Treatment with 25 μM **L^I^** led to an observable decrease in colocalization between p53 and ThT, whereas treatment with 25 μM **L^H^** exhibits high levels of colocalization similar to non-treated controls (Fig. S7[†](#fn1){ref-type="fn"}). Taken together, these results highlight the key importance of the iodine moiety of **L^I^** for modulation of mutant p53 aggregation even in cellular systems.

![Amyloid oligomer (A11) staining is reduced in mutant p53 cell line NUGC3 after treatment with **L^I^**. NUGC3 cells were treated with 25 μM **L^I^**/**L^H^** or 0.1% DMSO (NT) for 24 hours followed by labelling with anti-p53 (DO-1) and anti-oligomer (A11) antibodies at concentrations of 1 : 1000 and 1 : 100 respectively. Images were obtained using a fluorescence microscope. Columns from left to right include: DO-1 (anti-p53), A11 (anti-oligomer), and co-immunofluorescence of DO-1 and A11. White arrows representative of overlap between DO-1 and A11. The scale bar represents 50 μm.](c9sc04151f-f3){#fig3}

Interaction between **L^I^**/**L^H^** and mutant p53
----------------------------------------------------

The distinct differences between **L^I^** and **L^H^** in modulating mutant p53 aggregation prompted an investigation into the potential differential binding of our bifunctional ligands with mutant p53. Using native mass spectrometry, we observed that the addition of increasing concentrations of **L^I^** affords an additional species in the mutant p53 spectrum. This corresponds to a mass increase of 564 Da, which is indicative of one equivalent of **L^I^** bound to p53 ([Fig. 4](#fig4){ref-type="fig"}). At higher equivalents of **L^I^**, a peak corresponding to a 1128 Da mass increase is evident, indicating the interaction of two **L^I^** ligands with mutant p53. In contrast, no evidence of **L^H^** interacting with mutant p53 was observed, even at higher concentrations. This suggests that the ability of **L^I^** to reduce mutant p53 aggregation is a result of direct interactions with the protein and could explain why mutant p53 aggregation is not perturbed in the presence of **L^H^**. While this result is both interesting and surprising due to their structural similarity, it is possible that the iodine is contributing to halogen bonding, which would result in favorable interactions with the exposed aggregation-prone, hydrophobic protein segment.[@cit26] Recent pharmaceutical advances have highlighted the advantages of halogen bonding and demonstrate significantly improved binding of many small molecules to their protein targets due to halogen bonding to carbonyl groups.[@cit13b],[@cit27] Furthermore, Eisenberg and co-workers have previously demonstrated that by binding the exposed hydrophobic segment, protein aggregation was prevented and therefore contributed to restored protein function.[@cit9]

![Interactions between **L^I^** and mutant p53 detected using native mass spectrometry, whereas no interaction is observed for **L^H^** even at high concentrations. Recombinant p53-Y220C (3 μM) was incubated with (a) 0.2% DMSO (b) 30 μM **L^I^** (c) 30 μM **L^H^** (d) 75 μM **L^I^** and (e) 75 μM **L^H^** for 2 hours at room temperature. • indicates a 564 Da mass increase representing an interaction between mutant p53 and **L^I^**, \* indicates an 1128 Da mass increase representing an interaction between mutant p53 and 2**L^I^**.](c9sc04151f-f4){#fig4}

Zinc binding affinities for **L^I^** and **L^H^**
-------------------------------------------------

To further explore the bifunctional nature of **L^I^** and **L^H^**, we investigated their ability to serve as zinc metallochaperones. Previously reported models for Zn-binding in p53 describe two possible ligation sites, the native binding site (*K*~d1~) estimated to bind on the order of 10^--12^ M, and non-native (*K*~d2~) sites with an estimated affinity on the order of 10^--6^ M.[@cit11],[@cit14b],[@cit14c],[@cit15a],[@cit28] Metallochaperones designed to rescue zinc-binding in p53 mutants should therefore have Zn^2+^ affinities that are in between that of *K*~d1~ and *K*~d2~. While the exact value of *K*~d1~ for p53-Y220C is unknown, we have previously shown that Zn metallochaperones on the order of 10^--12^ M have appropriate affinities to increase intracellular levels of zinc in cells expressing this mutant.[@cit13a] Spectrophotometric (UV-visible) pH titrations carried out to characterize ligand speciation (see Table S1[†](#fn1){ref-type="fn"} for p*K*~a~ values) and Zn-affinity for **L^I^** and **L^H^** demonstrate that at biological pH (7.4), the speciation diagrams describe a model with only 1 : 1 ligand to metal species present ([Fig. 5a and b](#fig5){ref-type="fig"}). The concentration of free Zn^2+^ present in solution at a given pH, referred to as pM (pZn = --log\[Zn~unchelated~\]), is a direct estimate of the metal--ligand affinity when all species in solution are considered.[@cit29] Calculated pM values for **L^I^** and **L^H^** (Table S2[†](#fn1){ref-type="fn"}) are very similar (8.4 and 8.2) and are consistent with previously published reports containing similar ligands.[@cit13a],[@cit17c] These values afford approximate dissociation constants (*K*~d~) in the nanomolar range, an affinity appropriate for functioning as Zn metallochaperones for p53-Y220C. Complete models and simulations are detailed in the ESI (Fig. S8--S15[†](#fn1){ref-type="fn"}). Zn complexes of **L^I^** and **L^H^** were also isolated and characterized using NMR and X-ray crystallography ([Fig. 5c and d](#fig5){ref-type="fig"}) and are in accord with the 1 : 1 binding of **L^I^** and **L^H^** to Zn^2+^ modelled above for the variable pH titrations. Complete crystallographic information is provided in Table S3.[†](#fn1){ref-type="fn"}

![(a) Simulated species distribution plot of Zn^2+^ + **L^I^**. (b) Simulated species distribution plot of Zn^2+^ + **L^H^**. Speciation diagrams were made using HySS2009. (c) ORTEP of Zn**L^I^**Cl (50% probability) using POV-Ray, excluding hydrogen atoms and solvent. Selected interatomic distances \[Å\]: Zn(1)--N(1): 2.271(3), Zn(1)--N(3): 2.090(2), Zn(1)--N(4): 2.088(3), Zn(1)--O(1): 1.954(2), Zn(1)--Cl(1): 2.2978(8). (d) ORTEP of Zn**L^H^**Cl (50% probability) using POV-Ray, excluding hydrogen atoms and solvent. Selected interatomic distances \[Å\]: Zn(1)--N(1): 2.251(5), Zn(1)--N(3): 2.067(4), Zn(1)--N(4): 2.090(5), Zn(1)--O(1): 1.964(4), Zn(1)--Cl(1): 2.341(2).](c9sc04151f-f5){#fig5}

Metallochaperone ability of **L^I^** and **L^H^**
-------------------------------------------------

To determine whether **L^I^** and **L^H^** could serve as Zn metallochaperones, we analyzed the changes in levels of intracellular Zn^2+^ in NUGC3 cells. The cells were incubated with the fluorescent Zn^2+^ sensitive probe FluoZin-3 (1 μM),[@cit30] 50 μM of ZnCl~2~, and either DMSO for non-treated (NT) controls or 50 μM of **L^I^** and **L^H^**. Pyrithione was used as a positive control for intracellular uptake of Zn^2+^.[@cit31] Subsequent fluorescence imaging revealed that treatment with ZnCl~2~ alone or **L^I^**/**L^H^** alone does not result in significant increase in intracellular Zn^2+^ (Fig. S16[†](#fn1){ref-type="fn"}). However, addition of ZnCl~2~ in combination with **L^I^**/**L^H^** significantly increased intracellular Zn^2+^ levels as indicated by increased fluorescence ([Fig. 6](#fig6){ref-type="fig"}), thus demonstrating that both ligands and extracellular Zn^2+^ are required. However, due to the similar Zn *K*~d~ values of FluoZin-3 and **L^I^**/**L^H^** (Zn^2+^*K*~d~ = ∼15 nM for FluoZin-3,[@cit30] 4 nM for **L^I^** and 6.3 nM for **L^H^**) Zn-binding to the fluorophore in this experiment is likely restricted, and thus total Zn uptake is underestimated. Quantification of fluorescent signals indicates that **L^I^** and **L^H^** increase intracellular Zn^2+^ by more than 3 and 2-fold respectively compared to the non-treated control. These results demonstrate the potential of **L^I^** and **L^H^** to serve as Zn-metallochaperones for mutant p53 by increasing intracellular Zn^2+^ concentrations.

![Treatment of NUGC3 (p53-Y220C) with **L^I^** and **L^H^** increases intracellular Zn^2+^. (a) Imaging of intracellular Zn^2+^ levels in complete serum-free media. NUGC3 cells were incubated with 1 μM FluoZin-3 for 20 minutes at 37 °C, followed by incubation with indicated treatment (ZnCl~2~ = 50 μM, **L^I^** = **L^H^** = 50 μM, 50 μM PYR) for 2 hours. Cells were imaged using a fluorescence microscope and fluorescence-quantified using ImageJ. (b) Fluorescence intensity of FluoZin-3 at 488 nm demonstrating relative Zn^2+^ levels. Black line indicates mean values, while black error bars demonstrate the 95% confidence interval. Statistical differences were analyzed using 1-way ANOVA with multiple comparisons (Dunnett test). \* indicates statistical differences from control with *p* \< 0.001.](c9sc04151f-f6){#fig6}

Restoration of p53 function
---------------------------

To determine if the ligands could restore wild-type function to mutant p53, we first investigated whether they reduced mutant p53 levels *via* immunoprecipitation with the mutant-specific PAb240 anti-p53 antibody. Using native NUGC3 lysate in the absence or presence of increasing concentrations of **L^I^** and **L^H^**, we immunoprecipitated mutant p53. As shown in representative experiments, overnight treatment with **L^I^** and **L^H^** were able to reduce levels of mutant p53 by 54% and 47% respectively, indicating that upon treatment with our bifunctional ligands, p53 conformation is altered wherein the antigen recognized by PAb240 is now buried within the protein\'s core (Fig. S17[†](#fn1){ref-type="fn"}).

We next investigated whether treatment with **L^I^** or **L^H^** could increase the expression levels of several p53 target genes that are involved in either cell cycle arrest (*P21*) or apoptosis (*NOXA*, *PUMA*).[@cit6a],[@cit32] Expression levels were also monitored in p53-silenced NUGC3 cells to probe the extent of p53 dependence. NUGC3 cells were treated for 6 hours with 25 μM of **L^I^** or **L^H^** and the expression level of p53 and three of its representative target genes (*P21*, *NOXA*, *PUMA*) were measured by RT-PCR. Strikingly, treatment of NUGC3 with **L^I^** and **L^H^** in the presence of non-targeting siRNA (SiControl) resulted in a 4.3- and 3.9-fold increase in *P21*, a common indicator of p53 function ([Fig. 7](#fig7){ref-type="fig"}).[@cit33] A 2.0- and 1.5-fold increase in *NOXA* was also observed upon treatment with **L^I^** and **L^H^** respectively (Fig. S18[†](#fn1){ref-type="fn"}). These results are obtained without alteration of p53 levels, suggesting restored p53 function in mutant p53 wherein cell cycle arrest and apoptotic pathways are activated. Silencing of p53 with siRNA resulted in a significant decrease in *P21* levels in the presence of **L^I^** ([Fig. 7](#fig7){ref-type="fig"}). *P21* expression was not completely abolished, which may be a result of a baseline level of the p53 protein, or the ability of mutant p53 to bind and inactivate p63 and p73, both of which regulate target genes *P21* and *NOXA*.[@cit34] Thus, knock-out of mutant p53 could lead to increased activity of p63 and p73, causing an upregulation in *P21*/*NOXA* expression levels. Interestingly, the addition of sip53 to **L^H^** treatment resulted in no significant difference in *P21* and *NOXA* expression levels from SiCtl conditions. These results can be rationalized when considering the aggregation experiments above, as **L^I^** interacts directly with mutant p53 and reduces aggregation whereas **L^H^** has no observable effect, suggesting that in contrast to **L^I^**, **L^H^** may act largely through a p53-independent mechanism.

![NUGC3 cells were transfected for 6 hours with control siRNA (siCT) or siRNA directed against p53 (sip53) and then treated for 6 hours with 25 μM of indicated compounds. Total RNAs were extracted and RT-qPCR performed to measure the expression of TP53, *P21*, *PUMA* and *NOXA*.](c9sc04151f-f7){#fig7}

*In vitro* cytotoxicity
-----------------------

The cytostatic and cytotoxic activity of **L^I^** and **L^H^** was evaluated against a panel of 60 cancer cell lines (NCI-60 screening program) containing a wide range of cancer types. Both ligands showed high activity across all 60 cell lines as demonstrated by their average growth inhibitory (GI~50~) concentrations (Table S4[†](#fn1){ref-type="fn"}). **L^I^** exhibited a 3-fold increase in average GI~50~ compared to both **L^H^** and cisplatin and a 6-fold increase in average GI~50~ compared to oxaliplatin. The corresponding zinc complexes Zn**L^I^**Cl and Zn**L^H^**Cl were also tested but exhibited lower biological activity at the initial test concentration of 10 μM and were not subjected to further studies. A heat map summarizing the patterns of *in vitro* cytostatic activity from low activity (blue) to high activity (red) is shown in Fig. S19.[†](#fn1){ref-type="fn"} The *in vitro* cytotoxicity of ligands **L^I^** and **L^H^** was also tested in the gastric cancer cell line NUGC3. Gastric cancer is the second leading cause of cancer-related deaths worldwide and contains a wide range of p53 mutations that are present in up to 77% of gastric carcinomas. Standard treatment protocols for gastric cancer include oxaliplatin.[@cit35] Using standard MTT protocols,[@cit36] we determined that **L^I^** exhibited a significant 11-fold increase in cytotoxicity compared to oxaliplatin and a 5-fold increase in cytotoxicity over **L^H^** (Table S5[†](#fn1){ref-type="fn"}).

Apoptotic effects of **L^I^** and **L^H^** in human gastric cancer cell lines
-----------------------------------------------------------------------------

To investigate the molecular basis for the observed cytotoxicity, we examined whether **L^I^** and **L^H^** could induce apoptosis in gastric cancer cell lines containing wild-type (AGS) and mutant p53 (NUGC3). AGS cells were treated with IC~50~ and IC~75~ concentrations of ligands **L^I^** and **L^H^** and oxaliplatin for 48 hours and then cleavage of caspase-3 and p53 protein levels were assessed *via* Western blot. Oxaliplatin exhibits a significant increase in p53 levels, however, very little caspase-3 is observed at selected concentrations (Fig. S20[†](#fn1){ref-type="fn"}). In the wild-type p53 cell line, neither **L^I^** or **L^H^** induced any changes in either p53 expression levels or cleavage of caspase 3, even at the IC~75~ concentration. In the NUGC3 cell line, cells were treated with 25 μM of oxaliplatin, **L^I^**, or **L^H^**. This concentration of **L^I^** resulted in reduction of mutant p53 aggregation in NUGC3 cells, and therefore we investigated whether this was coupled with an induction of apoptosis. Upon treatment of NUGC3 cells with 25 μM of indicated compound for 48 hours, western blot analysis revealed that **L^I^** resulted in a strong presence of cleaved-caspase-3 as indicated by the intense band in [Fig. 8](#fig8){ref-type="fig"}. Treatment with **L^H^** also resulted in cleavage of caspase-3, however to a significantly lesser extent than treatment with **L^I^** (see Fig. S21[†](#fn1){ref-type="fn"} for quantification). Oxaliplatin did not induce caspase-dependent apoptosis in NUGC3 cells at 25 μM. Interestingly, this induction of apoptosis by **L^I^** and **L^H^** in NUGC3 cells was not abolished by treatment with sip53, but rather an increase in cleaved caspase-3 is observed. While this could be an indication of off-target effects, the result is suggestive of a removal of toxic gain-of-function effects from mutant p53 aggregates.[@cit37] Furthermore, although faint, the presence of cleaved caspase-3 under sip53 NT conditions suggests removal of toxic gain-of-function effects rather than off-target mechanisms. Gain of function effects for mutant p53 have been well characterized, and structurally destabilized mutants have been documented to co-aggregate with the homologous protein p73 thereby inactivating its function.[@cit34a],[@cit38] Thus, removal of mutant p53 in this case could result in p73-mediated apoptosis. Although this hypothesis is attractive and highly plausible, it is likely that additional mechanisms are also involved.

![**L^I^** results in increased activation of apoptosis over **L^H^** in mutant p53 cells. NUGC3 cells were treated with 25 μM of indicated compound for 24 hours. Proteins were extracted, and 40 μg was separated on SDS PAGE. Cleaved caspase-3 (Caspase 3\*), p53, and actin were detected by western blot.](c9sc04151f-f8){#fig8}

To explore possible caspase-independent cell death pathways activated by **L^I^** and **L^H^**, we investigated whether they participated in translocation of the apoptosis inducing factor (AIF). During apoptosis, AIF moves through the outer mitochondrial membrane into the cytosol and participates in chromatin condensation and DNA-fragmentation upon translocation into the nucleus.[@cit39] Using immunofluorescence, we monitored AIF localization upon treatment of **L^I^** and **L^H^** in NUGC3 cells. In NT conditions, AIF punctate staining is observed that spares the nucleus, exhibiting mitochondrial localization ([Fig. 9](#fig9){ref-type="fig"}). Upon treatment with 5 and 25 μM **L^I^** for 24 hours, AIF expression is largely upregulated, and diffuse nuclear localization is observed, indicative of apoptotic cells. In contrast, very little change in AIF expression levels or localization is observed upon treatment with **L^H^** (see Fig. S22[†](#fn1){ref-type="fn"} for quantification of nuclear localization), again highlighting the increased pro-cell death activity of **L^I^** in mutant p53 cell lines. Importantly, studies have shown that in mutant p53 cell lines, caspase-independent cell death is compromised, and that functional p53 could regulate AIF expression and result in activation of cell death.[@cit40] This provides further indication that by reducing mutant p53 aggregation, **L^I^** can restore protein function and activate otherwise compromised cell death pathways.

![Redistribution of AIF upon treatment with **L^I^** indicates activation of caspase-independent cell death. NUGC3 cells were treated with 5 and 25 μM **L^I^**/**L^H^** or 0.1% DMSO (NT) for 24 hours followed by labelling with anti-AIF antibody (1 : 1000). Nuclei were stained with DAPI, followed by imaging using a Nikon ApoTome microscope. Columns from left to right include: AIF, DAPI, and coimmunofluorescence of AIF and DAPI. White arrows representative of overlap between AIF and DAPI. The scale bar represents 50 μm.](c9sc04151f-f9){#fig9}

Co-treatment with platinum chemotherapeutics
--------------------------------------------

Platinum based chemotherapy is among the first line standard of care for gastric cancer patients, however, cancers harboring p53 mutations often exhibit decreased sensitivity and increased resistance to platinum agents.[@cit41] This is due to the fact that the mechanism of these agents includes induction of DNA damage, which leads to downstream activation of the p53 pathway, providing that functional p53 is present.[@cit9],[@cit42] With up to 77% of gastric cancers exhibiting p53 mutations,[@cit35] co-administration of agents that first restore p53 function and thereby increase the activity of platinum agents are highly desirable. To this end, we tested whether pre-incubation of NUGC3 cells with **L^I^** could result in an activation of apoptosis with oxaliplatin. Incubation of NUGC3 cells for 48 hours with 25 μM oxaliplatin or 5 μM **L^I^** separately results in no to very little cleavage of caspase 3 ([Fig. 10](#fig10){ref-type="fig"}). However, pre-incubation with 5 μM **L^I^** for two hours followed by subsequent incubation with oxaliplatin for 48 hours results in a significant increase in cleaved caspase 3 (see Fig. S23[†](#fn1){ref-type="fn"} for quantification). Similarly, pre-incubation with **L^I^** followed by additional incubation with oxaliplatin for 24 hours further induced *PUMA* expression and the ratio of *BAX* (proapoptotic) and *BCl2* (antiapoptotic) expression compared to individual treatments (Fig. S24[†](#fn1){ref-type="fn"}). The ratio of *BAX*/*BCl2* has been described as an indicator of apoptosis sensitivity as an increased ratio results in a higher response to apoptotic signals.[@cit43] The results for *BAX*/*BCl2* highlights a possible synergistic mechanism between **L^I^** and oxaliplatin and provides a potential application for **L^I^** in co-administration with platinum agents for tumours harboring malfunctioning p53.

![Cotreatment with **L^I^** and oxaliplatin results in increased activation of apoptosis over treatment with **L^I^** or oxaliplatin alone. NUGC3 cells were treated with 5 or 25 μM of indicated compound for 48 hours. In the case of cotreatment, cells were incubated with **L^I^** for 2 hours followed by a total 48 hour incubation with 25 μM oxaliplatin. Proteins were extracted, and 40 μg were separated on SDS PAGE. Cleaved caspase-3 (Caspase 3\*) and actin were detected by western blot.](c9sc04151f-f10){#fig10}

Cytotoxicity in non-cancerous organoids
---------------------------------------

Despite new anti-cancer drugs representing one of the largest areas in pharmaceutical development, the onset of adverse side effects from chemotherapeutics still presents a major clinical hurdle.[@cit44] Promisingly, pharmacological restoration of p53 function has been associated with increased protection of normal cells from cytotoxicity due to the selective nature of targeting mutant p53-bearing tumours.[@cit45] To this end, we tested the cytotoxicity of **L^I^** and **L^H^** in non-cancerous cells using mouse small intestine organoids. Intestinal organoids are three-dimensional multicellular structures that comprise of crypts and villi to reproduce an intestinal organization. They are an important aspect in drug discovery due to their increased similarities to physiological models over their two-dimensional counterparts -- the three-dimensional organization with budding is an indication of a healthy and viable organoid.[@cit46] To analyse the cytotoxicity of our compounds on normal organoids, we performed a long-term survival assay by monitoring organoid viability over a 23 day period. To elucidate the impact of treatment on the organoid organization, we performed an immunofluorescence assay and monitored organoid shape upon treatment with **L^I^** and **L^H^**. Organoids were classified as normal, disorganized, dying, or dead based on the images obtained (see Fig. S25 and Table S5[†](#fn1){ref-type="fn"} for description and quantification of each classification system). Interestingly, treatment with **L^I^** retained mostly viable organoids after a 72 hour period resembling normal and disorganized structures similar to NT control ([Fig. 11](#fig11){ref-type="fig"}). In contrast, treatment with oxaliplatin resulted in about 50% of organoids either dying or dead, and strikingly, after 72 hours all organoids treated with **L^H^** were dead. To further probe their differing cytotoxicity in our non-cancerous organoid model and investigate the mechanism by which **L^H^** imparts cytotoxicity, we incubated cells treated with oxaliplatin, **L^I^**, and **L^H^** with an antibody recognizing cleaved caspase 3. In agreement with the results obtained above, treatment with **L^I^** resembled that of non-treated conditions with no significant cleaved caspase 3 detected (Fig. S26[†](#fn1){ref-type="fn"}). In contrast, significant cleavage of caspase 3 was detected upon treatment with oxaliplatin and **L^H^**, indicating that both treatments induce apoptosis in non-cancerous organoids.

![Treatment of non-cancerous intestinal organoids results in increased survival upon treatment with **L^I^** compared to **L^H^**. (a) Intestinal organoids were treated with indicated compound and monitored for 72 hours. F-actin (red) and nuclei (blue) were stained using phalloidin and DAPI respectively at recommended concentrations and imaged using a Zeiss ApoTome microscope. (b) Characterization and quantification of organoids as either normal, disorganized, dying or dead upon indicated treatment based on images obtained in part (a). *ca.* 150 organoids were counted and analyzed for each condition. The scale bar represents 50 μm.](c9sc04151f-f11){#fig11}

Importantly, even over a period of 23 days, organoid treatment with **L^I^** (2.5 and 5 μM) has a similar survival profile to NT organoids, resulting in substantial viability after 23 days (Fig. S27[†](#fn1){ref-type="fn"}). In contrast, treatment with **L^H^** resulted in complete cell death after 5 days (5 μM). Treatment with **L^I^** also results in organoids with more budding than those treated with **L^H^**. Finally, given that chemotherapeutic regiments involve treating patients at the maximum tolerated dose (MTD), we sought to determine the maximum dose of **L^I^** tolerated in normal C57BL/6 mice. Promisingly, no decrease in weight is observed up to *ca.* 25 μmol kg^--1^ (13 mg kg^--1^) **L^I^** treatment (Fig. S28[†](#fn1){ref-type="fn"}), a concentration which corresponds to that wherein p53 aggregation is inhibited and cell death pathways are activated in our cancer cell experiments.

Overall, these results highlight that by iodination of our bifunctional scaffold, we have increased cytotoxicity in cancerous cells lines yet have significantly decreased cytotoxicity in a non-cancerous organoid model. Taken together, these results highlight **L^I^** as a suitable candidate for *in vivo* testing in xenograft models.

Summary
=======

Restoration of p53 function holds significant promise in the search for effective chemotherapeutics as over 50% of cancer diagnoses are attributed to mutant p53. Given that a large proportion of these mutations result in accelerated protein aggregation and contribute to loss of function, molecules aimed to inhibit protein aggregation are of particular interest. Importantly, the loss of zinc within the protein\'s DNA-binding core further increases the aggregation process *via* nucleation with zinc-bound p53C. In this work, we have designed bifunctional ligands (**L^I^** and **L^H^**) aimed to restore p53 function by modulating mutant p53 aggregation and incorporating zinc-binding fragments for metallochaperone activity. We demonstrate that only the iodinated framework **L^I^** was effective at inhibiting p53 aggregation, as demonstrated in recombinant systems *via* light scattering, TEM, and gel electrophoresis, and in cellular systems using immunofluorescence. These results prompted an investigation into the binding capabilities of these ligands with mutant p53. Using native MS, we showed that only **L^I^** interacted with mutant p53. This result can explain the differing abilities of **L^I^** and **L^H^** to modulate mutant p53 aggregation and leads us to hypothesize that the iodine in **L^I^** is contributing to favorable interactions with the hydrophobic aggregation-prone segment. After extensive characterization of the zinc-binding capability of **L^I^** and **L^H^**, we show that our bifunctional ligands significantly increase intracellular levels of zinc in cells, thus demonstrating their potential for metallochaperone function. We further demonstrate the increased cytotoxicity of **L^I^** in cancer cells compared to **L^H^** and demonstrate that by restoring protein function, **L^I^** contributes to activation of apoptotic pathways. Remarkably, **L^I^** is well tolerated in non-cancerous organoids, while **L^H^** was highly toxic.

Overall, these results demonstrate that by iodination of our bifunctional framework, we have substantially changed the biological properties of our molecules. **L^I^** can modulate mutant p53 aggregation, activate otherwise inaccessible apoptotic pathways, and is well tolerated in non-cancerous 3D models and normal mice. The utility of **L^I^** in restoring p53-dependent pathways presents an interesting opportunity for co-administration with clinically approved platinum agents. Cancers with mutant p53 status have been associated with increased resistance, and thus restoring p53 function to increase the effectiveness of platinum agents is an interesting opportunity that we plan to further investigate.
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